After enzymatic de-esterification without added calcium, the onion epidermal wall swells and 1 4 becomes softer, as assessed by nanoindentation and tensile plasticity tests, yet exhibits reduced patterns and morphogenesis, e.g. Verger et al. (2018) . Because cell walls are multilayered, 1 0 1 anisotropic structures, we probed PME effects on wall biomechanics with both tensile and 1 0 2 indentation assays, recognizing that changes in these distinctive mechanical properties may not 1 0 3 be closely coupled (Zhang et al., 2019) . 1 0 4
As described elsewhere (Cosgrove, 2018a), we make a distinction between wall softening 1 0 5 and wall loosening: 'softening' makes the wall more deformable to mechanical force (a purely found that enzymatically induced wall softening was not sufficient to induce wall loosening. Loosening is conveniently measured by chemorheological creep of a cell wall (slow, irreversible 1 1 0 extension that depends on wall modifying agents such as expansin) whereas softening is 1 1 1 measured with rapid force/extension assays that assess wall stiffness. In their simplest forms, 1 1 2 indentation assays measure out-of-plane wall stiffness while tensile assays measure in-plane 1 1 3 stiffness. As shown below, PME treatment indeed softens the wall in some (but not all) respects, Distilled/de-ionized water (18 megohm-cm) was used throughout. Chemicals and reagents were 1 1 8 analytical grade. Suppliers for enzymes and antibodies are listed below.
1 1 9
Cell wall preparation 1 2 0
White onion bulbs (Allium cepa), ~15 cm in diameter, were purchased from local grocery stores.
The 5th scale, with the 1st being the outermost fleshy scale, was used to make epidermal peels. wall enzymes while retaining α -expansin activity (Cosgrove and Durachko, 1994) . were bound to the wall surface for 1 h, followed by addition of 100× diluted secondary antibody: were washed extensively with 1× PBS three times at the end of each antibody labeling step. Labeled wall samples were imaged with an Olympus BX63 microscope using the FITC channel Quantification of methanol release by saponification and PME 1 4 8
Methanol quantification was based on the alcohol oxidase method (Klavons and Bennett, 1986) .
Onion wall strips (3 mm × 10 mm) were peeled, washed with 20 mM HEPES pH 7.5 with 0.01% 1 5 0
(v/v) Tween 20 for 15 min, and boiled in water for 10 s to inactivate endogenous PME and other 1 5 1 wall enzymes. Three wall strips were incubated at room temperature in 500 μ L 20 mM HEPES 1 5 2 pH, 7.5, containing 50 μ g/mL PME for 0.5, 1, 1.5, 3, 6, and 16 hours. A negative control was stiffness and modulus. Because the shape of the force/extension curve is nonlinear, compliance 3 1 7
values vary with strain. The first extension combines elastic and plastic extensions and is used to 3 1 8 calculate a total compliance. A plastic compliance is obtained as the difference between total and 3 1 9 elastic compliances. With 0.1 N tensile force, buffer-treated wall strips extended ~9.5% whereas 3 2 0 after PME treatment the extension was ~12% (Fig. 3A) . The additional extension of the PME-3 2 1 treated walls resulted from an increased plastic compliance, whereas the elastic compliance was 3 2 2 not significantly affected (Fig. 3B) . These results show that PME softens the onion wall in a 3 2 3 selective manner, increasing plastic but not elastic deformation. In these experiments, exogenous calcium was not added to the walls, so enhanced calcium 3 2 5
crosslinking of HG after PME treatment was unlikely. We found that addition of 100 mM CaCl 2 3 2 6
had remarkably little effect on the elastic or plastic compliances of buffer-treated walls (Fig. 4) ,
whereas after PME pretreatment the plastic compliance was reduced by 32% ( Fig. 4 ). This rather 3 2 8 high concentration of calcium was used to match that of a previous study on onion indentation 3 2 9 (Xi et al., 2015) and to be certain that calcium binding sites would be completely saturated. Thus, HG de-esterification reduced wall plasticity in the presence of abundant Ca 2+ , increased 3 3 1 plasticity without added Ca 2+ , and had no effect on the elastic compliance in either case. The lack 3 3 2 of effect on tensile elasticity is particularly notable. We also tested the effect of 100 mM MgCl 2 because Mg 2+ reportedly does not form strong   3  3  4 ionic crosslinks with HG, yet can shield negative charges on the HG backbone (Thibault and   3  3  5 Rinaudo, 1986). Mg 2+ slightly reduced the plastic compliance of buffer-treated walls (not 3 3 6 statistically significant) and completely negated PME-mediated softening (Fig. 4 ). In light of 3 3 7
these results we also tested Mg 2+ in the indentation assay ( Supplemental Tables S3-4) where we   3  3  8 observed a similar effect: Mg 2+ suppressed the PME-induced reduction in the indentation 3 3 9
modulus, yet had no significant effect on indentation of untreated walls. These results suggest 3 4 0 that PME-mediated softening depends, at least in part, on the increased negative electrostatic 3 4 1 charge of de-esterified HG and that suppression of PME-enhanced electrostatic charge with high 3 4 2 cation concentrations suppresses this softening.
4 3
Consistent with this interpretation, zeta potential measurements confirmed that PME-treated 3 4 4
walls have a more negative zeta potential than control walls (-23.3 ± 0.41 mV for PME treated 3 4 5
versus -17.0 ± 0.35 mV for BSA control, Fig. 5 ). Thus, PME treatment had two opposing effects: resulted in a negligible change in stress relaxation ( Fig. 8B ). Thus PME treatment did not 3 7 9
enhance wall stress relaxation. For the creep experiments, wall strips were clamped at 0.1 N tension in neutral buffer and 3 8 1 after the length stabilized the buffer was swapped for one containing PME. Length remained 3 8 2 nearly constant for the duration of the experiment (90 min) and was not increased by PME 3 8 3 addition ( Fig. 9A ). Thus we did not find evidence of PME-mediated wall loosening in this 3 8 4 chemorheological creep assay.
3 8 5
We also tested whether PME pretreatment affected acid-induced extension, mediated by the increase of wall hydration, tensile plasticity, and nanoindentation depth after PME treatment, 3 9 3 expansin-mediated creep was reduced. We conclude that PME may selectively soften the 3 9 4
epidermal wall under calcium-limited conditions, but we found no evidence for wall loosening 3 9 5 by PME. As detailed in the introduction, this study was initiated to resolve some of the confusion and 3 9 8 speculation surrounding the action of PME on cell wall stiffness and extensibility (Levesque-
Tremblay et al., 2015; Peaucelle et al., 2008) . Our results show that -even in our simplified, 4 0 0 cell-free system (isolated outer epidermal walls from onion) -a more nuanced appreciation of 4 0 1 the complexity of wall biomechanics and the action of PME is needed to unpack this issue. Thus, cell wall, yet it did not change tensile elasticity nor did it loosen the wall, assayed as the ability 4 0 4
to induce cell wall creep ( Fig. 9 ). Indeed, despite its selective softening and hydrating actions, and plasticity. Thus, in this case plasticity is not a good predictor of the ability of the cell wall to 4 0 8 undergo chemorheological creep -a conclusion similar to that of another recent study that 4 0 9 employed other enzyme treatments (Zhang et al., 2019) . These PME effects occurred without 4 1 0 addition of calcium to the wall, so we conclude they were direct physico-chemical effects of HG wall biomechanical properties?" depends on the specific assay and requires the clarification that 4 1 5
wall stiffness and wall creep are not tightly coupled (Cosgrove, 2018a; Zhang et al., 2019) .
The results of the current study are relevant to understanding: (1) PME effects on wall 4 1 7 mechanics, (2) the relationships of different biomechanical assays to each other and to growth, three points are discussed below. After PME treatment, the electrostatic potential of the onion wall (measured as zeta potential) 4 2 2 became more negative, as expected for an enzyme that unmasks carboxylate groups of 4 2 3 methylesterified HG (Moustacas et al., 1986) . It is likely that cell wall swelling, hence greater 4 2 4
wall hydration, after PME treatment resulted from increased electrostatic repulsion of negatively-4 2 5
charged HG chains (MacDougall et al., 2001; Ryden et al., 2000) and these effects in turn 4 2 6
resulted in softening action measurable in the indentation and tensile tests. This later point is supported by the fact that MgCl 2 , which was used to reduce electrostatic fields within the wall, largely negated the PME effect on plasticity ( Fig. 4 ) and indentation (Supplemental Table S4 ).
2 9
This scenario is consistent with previous work showing charge-dependent swelling of isolated 2004), and supports the concept that pectin hydration influences wall thickness (Jarvis, 1992).
3 2
Hydration also influences wall extensibility in some conditions. For instance, wall mechanisms for such interference (Ricard, 1987) . A more detailed look at the effects of The greater electrostatic charge after PME treatment amplified the sensitivity of the cell wall (elastic or plastic) of buffer-treated walls, whereas after PME-treatment calcium addition 4 4 4 substantially reduced wall plasticity (but not elasticity) ( Fig. 4) . These observations suggest the 4 4 5 possibility that newly unmasked carboxylate groups participated in calcium crosslinking of HG, 4 4 6 e.g. via the 'egg box' model (John et al., 2019; Morris et al., 1982) , stiffening the matrix. However, the lack of effect on elasticity runs counter to this simple explanation, as more the cell wall is needed to account for its complex and nonintuitive biomechanical behaviors 4 5 1 (Zhang et al., 2019) .
5 2
Other physical mechanisms may contribute to the reduced plasticity of PME-treated walls shielding, judging from the effect of MgCl 2 (Fig. 4 ) and assuming that Mg 2+ does not form HG interactions (Lopez-Sanchez et al., 2020; Phyo et al., 2017; Wang et al., 2015) . Such interactions 4 5 7 appear to be extensive, but their significance for wall mechanics is uncertain. A molecular Because the experiments in the current study imposed relatively large changes in HG methyl properties is considered next.
6 9
Relating different biomechanical assays to each other and to growth 4 7 0
One striking conclusion from this study is that different measures of wall biomechanics are not 4 7 1 closely coupled to one another. Thus, PME action softened the wall, as measured by indentation creep is considered a fundamental mechanism of cell wall growth (Cosgrove, 2018a).
7 4
Consequently our in-vitro results thus do not support the concept that PME has direct wall 4 7 5
loosening activity. Various indirect mechanisms for PME-mediated wall loosening have been untested and wall loosening by PME remains unconfirmed.
7 8
These results with PME confirm and extend conclusions of another recent study likewise
showing that wall softening and loosening are not tightly coupled in the onion epidermal wall Relating wall structure to various biomechanical properties 4 8 6
Many conceptual depictions of the spatial arrangements and interactions of cellulose, mechanics, yet rarely has biomechanics been used to test the validity of these depictions, which 4 9 0
can be viewed as graphical hypotheses in need of experimental testing. One such test by Park The current study of PME action indicates that electrostatics and hydration affect selective aspects of wall mechanics. Because PME does not cut the HG backbone, its biomechanical HG. This leads to charge repulsion of HG chains and swelling of the wall, which in turn affects 5 0 7
the indentation properties. The increase in tensile plasticity may result from increased hydration, 5 0 8 1 9
but higher electrostatic charge density within the wall may also influence polymer interactions 5 0 9
directly. Despite PME-induced changes in nanoindentation, tensile elasticity was insensitive to 5 1 0 HG esterification and to calcium cross linking. This is a remarkable result and suggests that static Concluding remarks 5 1 5
By use of isolated epidermal wall strips to explore the physical consequences of PME action, we added calcium, PME softened the wall in the nanoindentation assay, potentially accounting for 5 2 2 some previous AFM-based reports of wall softening associated with regions of HG de- increase in onion wall plasticity, however, did not translate into a more extensible cell wall, as measured by cell wall creep, and so is unlikely to account for increased growth associated with 5 2 6
regions of de-esterified HG. Wall biomechanics is multifaceted, nuanced, and offers a rich path 5 2 7
for gaining insights into the hierarchical organization of cell wall polymers and the structural 5 2 8 basis for wall plasticity, elasticity and other biomechanical properties.
Effects of PME and BSA on onion wall surface texture. Data is available from the corresponding author upon request. Wall fragments were suspended in 20 mM HEPES pH 7.0. Three biological samples with buffer (solid) is substantially greater than creep of walls pretreated for 16 h with PME (dash).
0
Curves are averages of 6 (PME) and 9 (buffer-and PME-pretreated) replicates. Immunolabelling of the inner surface of onion epidermal cell walls after 2 h in HEPES buffer ± PME. JIM7 and LM19 antibodies detect HG of high and low esterifcation, respectively. Paired images ± PME were captured with identical light intensities and camera exposure settings. Scale bar = 100 µm. Representative results from two independent replicates. (B) Methanol release from onion epidermal wall as a function of PME treatment time. Mean ± SEM of two independent replicates). A Fig. 9 . Influence of PME treatment on cell wall creep. (A) Addition of 100 μg/mL PME in pH 7.5 HEPES buffer does not induce creep. Walls were incubated in pH 7.5 buffer while clamped on the constant force extensometer. At the time indicated by the arrow, the buffer was exchanged with fresh buffer containing PME. (B) Acidinduced creep of walls pretreated for 16 h with buffer (solid) is substantially greater than creep of walls pretreated for 16 h with PME (dash). Curves are averages of 6 (PME) and 9 (buffer-and PME-pretreated) replicates. Table S1 : Effect of Ca on indentation modulus of untreated onion walls Table S2 : Effect of Ca on indentation modulus of PME-pretreated onion walls Table S3 : Effect of Mg on indentation modulus of untreated onion walls Table S4 : Effect of Mg on indentation modulus of PME-pretreated onion walls Fig. S1 : Effects of PME and BSA on onion wall surface roughness.
Supplementary Tables S1-4: Effects of 100 mM CaCl2 and MgCl2 on indentation modulus of onion epidermal walls with and without PME pretreatment. Values related to the cation effects are highlighted. Analysis of variance was used to factor out variablity due to the cell wall sample. For each treatment, ten indentations were measured in three cells. 
